Abstract -This paper develops a new adaptive actuator failure compensation algorithm for control of a cooperative robotic system subject to uncertain actuator failures. The developed adaptive control scheme, based on adaptive integration of multiple individual failure compensators and direct adaptation of controller parameters, is capable of ensuring desired closed-loop stability and asymptotic output tracking, despite the failure uncertainties. Such an adaptive actuator failure compensation method is extended to control of a general cooperative robotic system. Simulation results are shown to verify the desired control performance.
I. INTRODUCTION
Cooperative manipulator robotic systems play a critical role in many projects such as search and rescue operations, space explorations, and underwater missions. In those applications, robotic systems have to operate in extreme environments [1, 2] , which actuator failures are likely to occur. Since the robotic systems are used for important tasks [3, 4] , failures may cause severe consequences. In order for the system to be able to function reliably, we need a controller that can still achieve certain desired properties when failure occurs. There are many ways to design a controller that can improve the robustness of a robotic system [5, 6, 7, 8, 9] . Although literatures propose different algorithms to solve the problem, most of them rely on knowledge of the actuator failure. However, it may often be difficult to efficiently identify failures within robotic systems in real time. Thus, an adaptive actuator failure compensation scheme, which can operate without the knowledge of actuator failure, is needed.
There are many studies that focus on adaptive actuator failure compensation schemes such as the neural network control [10, 11] , sliding-mode control [12, 13] , and an adaptive actuator failure compensation scheme [14] . Within the robotic field, there are also several important literatures that are directly related to adaptive actuator failure compensation algorithms such as control of a precision pointing hexapod [15] , adaptive coordinated controller scheme [16] , and redundant manipulator system [17] . However, most studies only focus on actuator degradation and the detection of actuator failure in the system. Additionally, most research consider increasing redundancy of the robotic system only from additional manipulators, which may not be viable in some robotic systems such as in humanoid robots.
In this paper, we develop a new adaptive actuator failure compensation scheme to control a cooperative manipulator robotic system. The algorithm uses redundancy of the system to ensure desired closed-loop stability and asymptotic output tracking of the system subject to uncertain actuator failure. This paper make the following contributions to the robotic and control fields:
• Solve an open problem by developing an adaptive actuator failure compensation scheme for a cooperative manipulator system subject to uncertain actuator failure without explicit knowledge of the failing actuator.
• Develop a design procedure for the adaptive actuator failure compensation control scheme for a class of robotic system, which can be applied to many practical robotic systems. The paper is organized as follows. In Section II, we formulate the problem with the discussion of the actuator redundancy, control objective, and actuator failure model. In Section III, we design a nominal controller for the system in a nominal situation in which the knowledge of actuator failure is known. In Section IV, the adaptive control scheme is developed based on the nominal controller structure, for the case of uncertain actuator failure. Finally in Section V, the simulation results of the algorithm are presented to confirm the effectiveness of our design.
II. PROBLEM FORMULATION
The goal of this paper is to develop an adaptive actuator failure compensation control scheme to ensure closed-loop stability and asymptotic output tracking of a general class of cooperative robotic systems in the presence of uncertain actuator failuress. In this section, the control problem is formulated, and the associated technical issues are addressed based on a general cooperative robotic system model and a benchmark manipulator system.
A. Manipulator Systems with Actuator Redundancy
Consider robotic systems that use multiple manipulators to fulfill a task, such as to control a platform or a Hexapod system. The general dynamic model of such cooperative manipulator robotic systems can be described as
where x o is the position and orientation of the platform, the combined inertia matrix of the object and manipulators D c (x o ) is assumed to be a bounded and positive definite matrix, C c (x o ,ẋ o ) is the Coriolis and centrifugal term, G c (x o ) is the gravity term, E is a transformation matrix, and
T , τ i is the generalized torque vector of each manipulator, and p is the number of manipulators in the system.
Since a cooperative manipulator robotic system has multiple manipulators, the system usually has actuator redundancy. With the redundancy, a cooperative manipulator robotic system has the capacity for adaptive actuator failure compensation. Because our goal is to design a feedback controller that meet the desired control system performance when actuator failures occur, we need to assume that the system has enough remaining actuators for the compensation.
B. Actuator Failure Model
In this study we assume that we do not have the exact knowledge of the actuator failure in the system. This means that we will not know how much the actuator in the system is failing, or what time the actuator failure occurs. Although we do not have the exact information, it is possible to develop a model that can describe the behavior of the actuator when the failure occurs. In this study, we will use the following actuator failure model.
Let u(t) = τ (t) ∈ R m be the system input vector. When an actuator failure occurs, the control input component u j (t) associated with the failing actuator j may become an arbitrary signal which can be expressed as
Although we do not know the value of the control input when the failure occurs, we can model the failure based on some knowledge of the structure of the actuator failing signal as
where n j is the number of components in the failing signal, f aij are known functions corresponding to each component of the actuator, and j, t j ,ū ij are unknown failure index, failure time, and failure value of each component of the actuator. With some specification of the unknown constants u j0 ,ū ij , and known functions f aij (t), we can model some common actuator failures, for example, the lock in-place failure of the actuator (control torque):ū j =ū j0 , or the complete failure of a motor in the system:ū j = 0. The termsū ij f aij (t) in the actuator failure model can be used to cover additional time varying actuator failures. With proper selection of f aij (t), the actuator failure model (3) will able to describe common actuator failure problems in most systems.
C. Control Objective
In this study, we will develop an adaptive actuator failure compensation control solution framework for cooperative manipulator systems in the presence uncertain actuator failures. The objective of the adaptive failure compensation control scheme is to guarantee closed-loop system stability and output tracking, without the knowledge of the failures.
The adaptive control scheme is applicable to the cooperative manipulator robotic system model of the forṁ
where x 1 = x o ∈ R n and x 2 =ẋ o ∈ R n , are the states of the system, y = x 1 ∈ R n is the output of the system, g 1 ∈ R n , g 2 ∈ R n×m are known matrices based on the dynamic system, n is the degree of freedom, m is the number of the actuators, and u ∈ R m is the system input. Due to possible actuator failures, an applied feedback control signal
T ∈ R m may not reach the system, as u j (t) is not equal to v j (t) if u j (t) =ū j (t). More precisely, in the presence of actuator failures, the signal u(t) is
where σ(t) = diag{σ 1 , σ 2 , σ 3 } is the actuator failure pattern matrix such that σ i (t) = 1 if the i actuator fails, that is, if u j (t) =ū j (t), and
where ω d is a desirable control signal for ω to control the system model:
to make all signals in the closed-loop system are bounded and the output y(t) = x 1 (t) asymptotically tracks a given reference signal y m (t). When this objective is met, the real systemẋ 1 = x 2 , x 2 = g 1 (x 1 , x 2 ) + g 2 (x 1 )u(t) will be ensured to have the desired signal boundedness and tracking properties, and this will be achieved through control adaptation.
D. A Benchmark Cooperative Manipulator System
In order to develop an adaptive control scheme for a general cooperative robotic system, we first consider a twodimensional cooperative manipulator system as a benchmark system in our study. The system contains two manipulators, which are attached to each side of a rigid platform as shown in Figure 1 . We will design a controller that can guarantee asymptotic tracking of both height h(t) and angle θ(t) of the system. In our robotic system model, the redundancy of the system will came from an additional joint in a robotic manipulator. As in Figure 1 , the system uses three actuators q 1 , q 2 , q 3 to support a rigid platform that links actuator q 1 and q 3 together. The actuator q 2 is added to increase redundancy in the system to compensate for possible actuator failure that could occur on the left side of the platform. The detailed study of the benchmark system can be found in the technical report [18] . In this paper, we consider three cases of actuator failure patterns:
• Case 1: no actuator failure occurs, or • Case 2: the actuator q 1 fails, or • Case 3: the actuator q 2 fails. The design procedure of the adaptive actuator failure compensation scheme are divided into four parts as follows: (i) Obtain a desirable signal ω d = g 2 (x 1 )u by using the backstepping design method, which can guarantee the closed-loop signal boundedness and asymptotic output tracking of the system in the absence of actuators failures.
(ii) Assuming all actuator failures are known, develop a nominal control for the system, which can produce a control signal v such that ω d = g 2 (x 1 )v for every desirable actuator failure pattern σ.
(iii) Derive the adaptive controller structure for the system subject to uncertain actuator failure with the controller parameterization based on the nominal controller structure developed in part (ii).
(iv) Develop an adaptive scheme for updating the parameters used in the adaptive controller structure.
The design procedure developed in this paper is also applicable to other robotic systems under the general model of the cooperative manipulator robotic system (1).
III. NOMINAL CONTROL DESIGN
In this section we develop a nominal controller for the system assuming the knowledge of the actuator failures, such a controller structure can be used to design an adaptive actuator failure compensation scheme for a cooperative robotic system with uncertain actuator failures. Our goal is to control the trajectory of the height and angle of the platform; that is, we need to design a control algorithm such that the system output y(t) tracks a desirable trajectory y m (t) asymptotically. First, we generate a desirable feedback control signal ω d = g 2 (x 1 , x 2 )u from backstepping control design method. With the backstepping control, the signal ω d is chosen as
with the design function β = f (x 1 ) −1 (−c 1 z 1 +ẏ m ), where c 1 , c 2 are positive constants.
The nominal control law will guarantee that the control input signal matches the desirable signal ω d when actuator failures occur.
Since the controller needs to handle several cases of actuator failure, we select a nominal controller structure as a combination of the nominal controller of each actuator failure case. We first design three individual control schemes for each actuator failure case.
A. Design for No Failure Case
In the case of no actuator failure in the system, we have control signal u = v * . We need to design v(t) such that
where h a (x 1 , x 2 ) ∈ R 3×3 and v * a(1) (t) ∈ R 3×1 such that
Notice that in case of no actuator failure, we have some flexibilities when choosing the matrix h a (x 1 , x 2 ). We can choose the matrix such that the system is optimized in some perspectives. With chosen h a (x 1 , x 2 ), the nominal control signal can be written as
One way to design the controller to have a unique solution is to use only two actuators to control the system. By turning off actuator u 1 , we can design the controller by choosing
With
where the matrix K 1 (x 1 , x 2 ) ∈ R 2×2 is expressed as
As a result, we have the nominal control signal v * (1) (t) that can be used to control the system with no actuator failure.
B. Design for u 1 Failure Case
In case of actuator u 1 fails, we have the signals u 1 =ū 1 , u 2 = v * 2 , and u 3 = v * 3 . The nominal control signal can be written as
where the matrix h 2 (x 1 , x 2 ) ∈ R 2×2 and the signal v * 0(2) (t) ∈ R 2×1 can be chosen to satisfy
where K 21 ∈ R 2×2 , K 22 ∈ R 2×1 are expressed as
We can see that with this design, the nominal control signal v * (2) (t) ensures ω d = g 2 (x 1 , x 2 )v * (2) for the actuator u 1 failure case.
C. Design for u 2 Failure Case
Similarly, in case of actuator u 2 fails. The nominal control signal can be designed as
We design the control law from
and v * 0(3) (t) ∈ R 2×1 to satisfy
The signal v * 0(3) (t) can be written as
where K 31 ∈ R 2×1 , K 32 ∈ R 2×2 are expressed as
We can see that the nominal control signal v *
for the actuator u 2 failure case.
D. Composite Control Cesign
With the control structure for all three cases, we can design a composite control law for the system as Because of the indicator functions and the nominal control signals, the composite design ensures ω d = g 2 (x 1 , x 2 )v * (t) for every case of actuator failure. The composite control design can controls the system with an actuator failure when the information of actuator failure is known.
IV. ADAPTIVE FAILURE COMPENSATION DESIGN
The nominal control design, which is developed in Section IV, needs information of the actuator failures. In this section, we develop an adaptive actuator failure compensation scheme, which can achieve the control objective in the presence of uncertain actuator failures without the knowledge of the failing actuator and its signal.
A. Adaptive Controller Structure
The adaptive control algorithm is developed based on the nominal controller structure. Since we do not know the values of ρ *
, and ρ * 3 v * (3) , we first design the adaptive controller structure as
where
In order to derive v ρ(1) (t), we restructure ρ *
from the nominal controller (25) as
; that is, we estimate the parameter ρ * 1 three times, which is needed for achieving a suitable parameterization. With diag{ρ 11 , ρ 12 , ρ 13 }, we have the adaptive version of ρ *
T , we now derive v aρ(2) (t) from its nominal version:
From the actuator failure model (3), the actuator failureū i (t) can be expressed asū
T are known functions corresponding to the actuator failure components,
T contains the parameters of values associated with each actuator failure component, and n i is the number of actuator failure components.
Then, the estimate of ρ * 2 v * a(2) (t) is chosen as
where similar to that in (16) 1) and χ 1(2) , where
T , we consider
Similar to the derivation of v ρa(2) (t), we have 
The controller structure (26) can be written as
With this parameterized controller structure, we can develop adaptive laws to update the parameters diag{ρ 11 , ρ 12 , ρ 13 }, diag{ρ 21 , ρ 22 }, diag{ρ 31 , ρ 32 }, χ 1(1) , χ 1(2) , χ 2(1) , and χ 2 (2) , so that the system can achieve the control objective in the presence of uncertain actuator failure.
B. Adaptive Laws
In this section, we develop an adaptive scheme for updating the parameter of the controller (26). The adaptive laws for diag{ρ 11 , ρ 12 , ρ 13 }, diag{ρ 21 , ρ 22 }, and diag{ρ 31 , ρ 32 } can be generically chosen aṡ
where the projection function ρij is chosen as
or ρ ij = 0 and ρij ≥ 0, or ρ ij = 1 and
with¯ ρij defined as
Similarly, the adaptive laws for
T are chosen aṡ
where the projection function
T is chosen as
Remark: In this section, we use a parameter projection scheme to ensure the boundedness of the estimated parameters in the system [18] .
The adaptive actuator failure compensation scheme can ensure the stability and tracking of the system in any of the three cases of possible actuator failure patterns: no failure occurs, actuator u 1 failure case, or actuator u 2 failure case, as summarized by the following theorem. The proof of theorem 1 is discussed in the technical report [18] .
V. SIMULATIONS STUDY
In this section we simulate the adaptive actuator failure compensation control scheme based on the benchmark robotic model subject to uncertain actuator failures as discussed in the full paper. The simulations assign the mass of each actuator as m 1 = m 2 = m 3 = 1kg, the mass of the platform m p = 10kg, the moment of inertia of the platform I p = 1kg·m The simulations study can be divided into two parts. First, we consider three cases of constant actuator failure as follows: (i) No actuator failure case: u(t) = v(t) for 0 ≤ t < 50s, (ii) Actuator u 2 failure case: u 2 =ū 2 = 20 for 50 ≤ t < 100s, (iii) The failing actuator u 2 becomes normal again, no actuator failure case: u(t) = v(t) for 100 ≤ t < 150s, (iv) Actuator u 1 failure case: u 1 =ū 1 = 40 for 150 ≤ t < 200s.
The simulation result shows the system outputs in Fig.  2 . The results confirm that the adaptive actuator failure compensation scheme can guarantee that the tracking error of the system goes to zero as time goes to infinity for a constant actuator failure.
The second part of the study, we consider sinusoidal actuator failure as follows: (i) No actuator failure case: u(t) = v(t) for 0 ≤ t < 50s, (ii) Actuator u 2 failure case: u 2 =ū 2 = 10 sin (0.3t) for 50 ≤ t < 100s, (iii) The failing actuator u 2 becomes normal again, no actuator failure case: u(t) = v(t) for 100 ≤ t < 150s, (iv) Actuator u 1 failure case: u 1 =ū 1 = −20 sin (0.3t) for 150 ≤ t < 200s. For the sinusoidal actuator failure cases, the simulation result shows the tracking error in Fig. 3 and the control input in Fig 4. The results confirm that the adaptive actuator failure compensation scheme can guarantee tracking property of the system subject to sinusoidal actuator failure. The adaptive actuator failure compensation scheme allows actuator u 1 or u 2 to fail, but both actuators cannot fail at the same time.
VI. CONCLUSION
In this paper, we have studied a benchmark cooperative manipulator system, and then developed a new adaptive actuator failure compensation scheme for a class of nonlinear multi-input multi-output cooperative manipulator robotic system. Our research shows that, with a complete parametization of failure pattern, a desirable closed-loop stability and asymptotic tracking of the system can be achieved, despite the uncertain actuator failures. The simulation results also verified the performance of the adaptive control algorithm when applied to the benchmark robotic model subject to uncertain actuator failure.
